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Edited by Ulf-Ingo Flu¨ggeAbstract Phytochelatins (PCs) are cysteine-rich peptides that
chelate heavy metal ions, thereby mediating heavy metal toler-
ance in plants, ﬁssion yeast, and Caenorhabditis elegans. They
are synthesized from glutathione by PC synthase, a speciﬁc dip-
eptidyltransferase. While Saccharomyces cerevisiae synthesizes
PCs upon exposure to heavy metal ions, the S. cerevisiae genome
does not encode a PC synthase homologue. How PCs are synthe-
sized in yeast is unclear. This study shows that the vacuolar ser-
ine carboxypeptidases CPY and CPC are responsible for PC
synthesis in yeast. The ﬁnding of a PCS-like activity of these en-
zymes in vivo discloses another route for PC biosynthesis in
eukaryotes.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The availability of heavy metal ions within plants is highly
regulated [1–3]. Eukaryotes have evolved the cysteine-rich,
low molecular weight peptides metallothioneins (MTs) and
phytochelatins (PCs), to bind excess heavy metal ions by thio-
late coordination and to maintain metal ion homeostasis [3–5].
PCs are ubiquitous in plants and are found in several fungi
including Schizosaccharomyces pombe. MTs are considered
as the major metal-binding compounds in animals and fungi
including Saccharomyces cerevisiae. MTs are gene-encoded
peptides while PCs are synthesized post-translationally by
enzymatic conversion of glutathione (GSH) into (c-glutam-
ylcysteinyl)n-glycine (PCn; n = 2–11 repeats). A speciﬁc c-glut-
amylcysteine dipeptidyl transpeptidase, the phytochelatin
synthase, catalyzes this step (PCS, EC 2.3.2.15; [5–8]). The
identiﬁcation of the PCS gene from plants and S. pombe*Corresponding author. Fax: +49 8161 715432.
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doi:10.1016/j.febslet.2007.03.039[9–11] revealed the presence of orthologous proteins with a
high degree of similarity, not only in plants and several fungi
but also in Caenorhabditis elegans [12,13].
The production of metal-binding PCs is not restricted to the
presence of a PCS activity. S. cerevisiae is an organism that
lacks a PCS homologue, yet synthesizes PC2 upon exposure
to heavy metal ions [14]. The source of that catalytic activity,
however, has remained unclear. It has been postulated that a
PCS-independent biosynthesis of PCs may be mediated either
by enzymes involved in GSH biosynthesis [15] or by the vacu-
olar carboxypeptidase Y (CPY, EC 3.4.16.5) [16].
In this contribution we examined a CPY-dependent PC bio-
synthesis in yeast. In vitro analyses revealed a PC formation by
CPY at acidic pH values. The functional knockout of CPY
aﬀected PC biosynthesis but did not completely abolish it.
Inactivation of both CPY and the structurally related carboxy-
peptidase C (CPC, EC 3.4.16.5) was necessary to eradicate PC
accumulation. Thus, PC biosynthesis in yeast recruits two vac-
uolar serine carboxypeptidases.2. Materials and methods
2.1. Yeast strains, media and chemicals
S. cerevisiae wild type strain BY4741 (MAT a, his3D1, leu2D0,
met15D0; ura3D0; Acc. no. Y00000), Dcpc (Acc. no. Y03278) and
Dycf1 (Acc. no. Y04069) were obtained from Euroscarf (Frankfurt,
Germany). Cells were grown in minimal synthetic-deﬁned media sup-
plemented with the appropriate dropout solution [17]. S. pombe wild
type strain L 972 (h) was cultivated in YPD medium (2% peptone,
2% glucose and 1% yeast extract) at 30 C. All chemicals used were
of the highest purity available, and were obtained from Fluka (Neu-
Ulm, Germany), Sigma–Aldrich (Deisenhofen, Germany), Calbiochem
and Merck (Darmstadt, Germany).2.2. Generation of the knockout mutants
The deletion of the CPY gene (YMR297w, PRC1) in the wild type
and Dcpc background was achieved by homologous recombination,
whereby the 1.1 kb CPY-internal BamHI-fragment was replaced with
the 1.8 kb BamHI-fragment of the HIS3 gene. The deletion of the
BPT1 gene (YLL015w) was achieved by homologous recombination
of the integration cassette with the LEU2 marker, ampliﬁed from the
plasmid pUG73 [18], in the chromosomal locus. The linearized HIS3
cassette and the LEU2 PCR product were used for yeast transforma-
tion as described by Gietz and Woods [19]. Gene replacement at the
correct integration site was conﬁrmed by PCR analysis using the
speciﬁc primers: cpy_for (5 0-GGTTTGGACCTCGACCTGGATC-
ATC-3 0), cpy_rev (5 0-ATTAAAAATTTTTGGTTTTGGCTTAG-
CAGC-30), and bpt1_for (5 0-CTATACCAAGGTCTCTTCTG-3 0),
bpt1_rev (5 0-GAATTGGCGTGACCGTACAT-3 0).blished by Elsevier B.V. All rights reserved.
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PC analysis was performed with cell-free and deproteinated extracts
of yeast as described [20]. Brieﬂy, cultures of S. cerevisiae containing
50 ml SD medium [21] were inoculated at a cell density corresponding
to 0.1 OD600 value. After 3 h of growth on a gyratory shaker (200 rpm,
30 C), cells were exposed to a solution of Cd(NO3)2 to yield the ﬁnal
Cd2+ concentration as indicated. Cells were harvested at given time
points of exposure by centrifugation at 8000 · g for 5 min at 4 C
and broken in a Mini Bead beater (Biospec Products, Bartlesville,
USA) by 3 cycles, each for 30 s at room temperature. The deprotei-
nated extract (200 ll) was subjected to HPLC analysis (see below).
The experiments were performed in triplicates.
2.4. Heterologous expression of AtPCS1
The AtPCS1 gene was ampliﬁed using the primers 5 0-TATA-
TATAGAATTCATGGCTATGGCGAGTTTA-3 0(for) and 5 0-TATA-
TATAGTCGACCTAATAGGCAGGAGCAGC-3 0(rev) and cloned
via the unique EcoRI and SalI restriction sites in the p426gpd expres-
sion vector [22]. The wild type strain was transformed with the plasmid
p426gpd::AtPCS1 and the empty vector (p426gpd) as described by
Gietz and Woods [19]. The strains were inoculated at OD = 0.1. After
3 h 100 lM Cd(NO3)2 was added. The cells were harvested after 6 h
treatment and the deproteinated cell extracts were subjected to HPLC
analysis.
2.5. In vitro enzyme assays
PC biosynthesis has been analyzed in the presence of 80 mM GSH,
10 mM b-mercaptoethanol, and 0.15 units CPY (Fluka, Germany) in a
total volume of 10 ll buﬀered solution (100 mM) for 90 min at 30 C.
For analysis of pH-dependence of the reaction sodium citrate, phos-
phate, and borate buﬀer in the pH range of 3.0–11.0 has been used.
The inﬂuence of Cd2+ on PC synthesis by CPY was analyzed in sodium
citrate buﬀer at pH 6.0 by the addition of 0.1 M Cd(NO3)2 to yield the
indicated concentrations. The reaction mixtures were overlaid with N2
to minimize oxidation and stopped by addition of 310 ll 0.1% TFA,
kept on ice for 5 min, and subsequently cleared by centrifugation
(16000 · g, 5 min). The supernatant was subjected to HPLC analysis.
2.6. Analysis of PCs
PC formation and content were assayed by reversed phase HPLC on
a Dionex Summit system (Dionex, Idstein, Germany). The PCs were
analyzed by post-column derivatization of sulfhydryl groups with Ell-
man’s reagent as described [23]. The identity of the peaks was con-
ﬁrmed by cochromatography of standard substances and by mass
spectrometry. Standard substances were GSH, PC2 and PC3 obtained
by in vitro synthesis [24]. For mass-spectrometric analysis, peak frac-
tions were collected and directly subjected to mass spectrometry via
electrospray ionization (single-quadrupol mass spectrometer type
LC/MSD SL; Agilent, Palo Alto, CA, USA). Fragmentation spectra
were recovered on an ESI-MS/MS, Q-ToF Ultima MS (Waters-Micro-
mass, Manchester, UK) in the positive ionization mode. Reproducibil-
ities for the relevant masses given as S.D.s (n = 10) were as follows: 5%
for GSH (m/z 308) and 9% for PC2 (m/z 540).pH
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Fig. 1. Synthesis of PC2 by yeast carboxypeptidase Y in vitro. (A) pH-depend
at pH 6.0 with varying Cd2+ concentrations. Standard deviations are indica3. Results
3.1. Carboxypeptidase Y has phytochelatin synthase-like activity
in vitro and in vivo
CPY of yeast is processed from a pre-pro-enzyme and tar-
geted into the vacuolar compartment [25]. It is known for high
enzymatic activity at acidic pH values distinguishing it from
other serine proteases. Puriﬁed CPY preparations catalyzed
PC2 formation over a broad range of pH values with a maxi-
mum at pH 6.0–6.5 (Fig. 1A). The identity of the PC molecule
was unequivocally conﬁrmed by HPLC/ESI-MS analysis. At
the optimal pH value approximately 1% of the substrate was
converted into PC2. At pH 9.7 and 5.0 the levels of PC2 were
reduced to about 11% and 25% of optimal values, respectively,
consistent with a CPY-dependent PC biosynthesis from GSH
at alkaline pH-values [16]. PC formation correlated with en-
zyme abundance and no PCs were detected in the absence of
either the enzyme or the substrate. The analysis revealed PC
formation at the acidic pH values of the vacuole. PC biosyn-
thesis by PCS showed a strict dependence on the presence of
heavy metal ions required for enzyme activation [6,8,26–28].
In contrast, PC formation by CPY remained almost constant
over a wide range of Cd2+ concentrations (Fig. 1B).
The CPY-dependent synthesis of PC2 prompted us to inves-
tigate whether this enzyme or the proposed enzymes of the
GSH biosynthetic pathway [15] are involved in PC biosynthe-
sis in vivo. Thus, the CPY gene was functionally disrupted in
yeast by gene replacement. The Dcpy knockout strain and
the parental strain were exposed to 100 lM Cd2+ in order to
analyze subsequent PC2 accumulation over time. The PC2 level
diﬀered clearly between the Dcpy strain and the wild type cells
(Fig. 2A). No diﬀerences were observed between the parental
strain and two strains with a wrong integration of the histidine
marker (data not shown). In cells with a functional CPY, PC2
accumulated detectably after 4 h of exposure and reached al-
most maximal levels 10 h after Cd2+ administration. PC2
induction in the knockout mutant was delayed. Ten hours
after metal exposure the PC level was still marginal (less than
1/10 of the control). However, levels corresponding to about
40–50% of controls expressing a functional CPY were reached
20 h after the onset of metal challenge. Varying the metal con-
centration from 10 to 300 lM Cd2+ resulted in reduced PC2
levels in the CPY-deﬁcient strain compared to wild type
throughout the range tested (Fig. 2B).Cd2+ [µM]
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Fig. 2. Comparison of GSH and phytochelatin levels in the carboxy-
peptidase Y-deﬁcient (Dcpy) and CPY wild type strain. (A) Changes in
the PC2 levels of Dcpy and wild type in response to 100 lM Cd
2+
during a 24 h exposure period. (B) PC2 accumulation after 18 h of
exposure to diﬀerent Cd2+ concentrations, as indicated. (C) Optical
density of yeast cultures in dependence of Cd2+ concentration. The
inhibition of growth by Cd2+ was determined by measuring the optical
density 18 h after Cd2+ addition. (D) Corresponding GSH levels of the
experiment shown in (B) and (C). (A–D)Mean values for Dcpy (d) and
wild type (s) and the S.D.s are given. (E) Positive ESI-MS/MS
spectrum of the singly protonated PC2 [M+H]
+ = 540.6 Da isolated
from Dcpy cells. The inset presents the primary structure of PC2 with
the detected y-type ions in bold.
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impaired metabolic performance such as reduced growth of
the mutant strain, enhanced Cd2+ sensitivity or altered GSH
levels. However, the Dcpy strain and the wild type strain re-
vealed indistinguishable growth characteristics and even theCd2+-mediated growth inhibition was comparable (Fig. 2C).
Furthermore, there was no signiﬁcant diﬀerence in the GSH
content among the diﬀerent strains tested (Fig. 2D). These re-
sults indicated that the disruption of the CPY gene speciﬁcally
reduced but did not completely abolish PC formation in yeast.
The residual level of PC2 of the Dcpy strain was conﬁrmed by
mass spectrometry (Fig. 2E). A remaining CPY activity in the
Dcpy strains can be ruled out. Replacement of the CPY by
HIS3 removed the gene moiety encoding all three amino acid
residues of the catalytic triad essential for carboxypeptidase
activity [25]. We concluded that there is at least one additional
PC generating activity in yeast that might be provided either
by enzymes of the GSH biosynthetic pathway or by a CPY-like
activity.
3.2. Two homologous carboxypeptidases are responsible for
phytochelatin synthesis in yeast
The S. cerevisiae genome encodes a structural homologue of
the CPY gene, annotated as a putative serine type carboxypep-
tidase (carboxypeptidase C, CPC; Saccharomyces Genome
Database) that is localized to the vacuole [29,30]. The pre-
dicted open reading frame (YBR139w) shares 54% identity
and 69% similarity with CPY (Fig. 3). To determine whether
CPC contributes to PC biosynthesis, the deletion strain (Dcpc)
and the double knockout strain of CPC and CPY (DcpyDcpc)
were analyzed with respect to PC2 and GSH content. While the
Dcpc strain accumulated PC2 comparable to the strain with
functional CPC, no PC2 was detectable in the double knockout
strain DcpyDcpc after exposure to 100 lM Cd2+ (Fig. 4A) or
300 lM Cd2+ (Fig. 4B). The growth and GSH content
(Fig. 4C) of single and double knockout strains did not signif-
icantly diﬀer from the parental strain, in both the presence or
absence of Cd2+ (data not shown).
3.3. Tonoplast-localized ABC-transporters are not required for
phytochelatin synthesis
The localization of both carboxypeptidases in the vacuole
implies a transport of the substrate GSH into the vacuole
and an intravacuolar generation of PCs. YCF1 has been char-
acterized as a tonoplast-localized ATP-dependent transporter
of GSH and GS-conjugates that is able to transport GSH-
Cd2+ complexes into the vacuole [31–34]. Disruption of the
YCF1 gene resulted in enhanced sensitivity of yeast towards
heavy metal ions ([31,35,36], see also Fig. 5A). In the presence
of approximately half growth-inhibitory Cd2+ concentrations
(30 lM), Dycf1 cells revealed ﬁvefold higher levels of PC2
and GSH compared to the corresponding YCF1 strain
(Fig. 5B). Exposure to 100 lM Cd2+, however, resulted in
the decrease of PC levels in Dycf1 while PC levels were further
enhanced in wild type cells possibly reﬂecting impaired PC bio-
synthesis of intoxicated Dycf1 cells possibly reﬂecting impaired
PC biosynthesis of intoxicated Dycf1 cells. The S. cerevisiae
genome encodes another tonoplast-localized GS-conjugate
transporter, the structural homologue BPT1 [37]. Deﬁciency
of both YCF1 and BPT1 (Dycf1Dbpt1) impairs GSH and
GS-conjugate uptake by isolated vacuoles [33,34]. Analysis
of the double mutant D ycf1Dbpt1 with respect to Cd2+ toler-
ance and PC2 levels, however, yielded results comparable to
the Dycf1 single knockout (Fig. 5), indicating that a vacuolar
import of Cd2+ and/or GSH by the ABC transporter YCF1
and BPT1 does not limit PC biosynthesis in yeast.
Fig. 3. Protein alignment of the two yeast serine carboxypeptidases CPY and CPC. The amino acid sequence of the proteins encoded by CPY
(YMR297w; GenBank Accession No. NC_001145.2) and CPC (YBR139w; GenBank Accession No. NC_001134.7) were aligned by ClustalW. Black
boxes indicate identical amino acids, grey boxes highlight similar amino acid substitution. Dots represent gaps. The amino acids forming the
catalytical triad are indicated by asterisks (*). Underlined amino acids correspond to the domain typical for S10-peptidase class, the serine
carboxypeptidases (NCBI, Conserved Domain Database).
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levels of wild type (black bars), Dcpc (grey bars) and double knockout (white bars) were determined at 0, 12, and 24 h after administration of 100 lM
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PC biosynthesis in plants is mediated by the dipeptidyl trans-
peptidase PCS via transfer of glutamylcysteinyl units ontoGSH or PC peptides [5,6]. Here we present unequivocal evi-
dence for the generation of PCs by the carboxypeptidases
CPY and CPC in yeast. However, compared to the synthesis
of PCs by AtPCS1 and PCS from S. pombe the PC2 generation
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Fig. 5. Analysis of phytochelatin and glutathione levels in mutants
deleted for vacuolar ABC transporters. Yeast with functional inacti-
vation of the tonoplast-transporters YCF1 (Dycf1), BPT1 (Dbpt1), or
both (Dycf1Dbpt1), and wild type were analyzed for their response to
Cd2+. (A) Inhibition of cell growth after 18 h of Cd2+ exposure. The
OD600 values in the absence of Cd
2+ were set to 100% growth. (B) and
(C) reveals the PC2 and the GSH levels of the analyzed yeast strains
after 18 h of Cd2+ exposure. Mean data for cells not exposed to Cd2+
(black bars), or grown in the presence of 30 lM Cd2+ (grey bars) or
100 lM Cd2+ (white bars) are presented.
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activity of CPY and CPC in vivo discloses another route of PC
biosynthesis in eukaryotes. Recent data from Blum et al. [38]
demonstrated a remaining PCS-like activity in Arabidopsis
mutants deﬁcient in PCS proteins.
Carboxypeptidases mediate carboxyterminal cleavage of
amino acid residues from peptides or proteins. In addition,
they catalyze transpeptidations [25,39]. Carboxypeptidase ac-
tion comprises of a nucleophilic attack onto the carbonyl car-Table 1
Comparison of PC accumulation in S. pombe and in S. cerevisiae after 6 h C
S. cerevisiae
Empty plasmid p426gpd
nmol cGlu-Cys/109 cells nmol cG
Cd2+ (lM) GSH PC GSH
0 98 ± 1 0 ± 0 81 ± 2
100 308 ± 15 0.6 ± 0.2 110 ± 1
Values represent the mean ± S.D. (n = 3).
aPCn up to n = 4 formed.bon of the substrate that leads to an acyl-enzyme intermediate
via a tetrahedral transition state [40]. In the presence of high
substrate concentrations, the carboxypeptidase-bound sub-
strate intermediate can be transferred either onto water or,
alternatively, onto a peptidic acceptor molecule. The CPY-
dependent PC2 formation indicates that glutamylcysteine from
the substrate GSH is the enzyme-bound intermediate that is
subsequently transferred onto the aminoterminus of another
GSH acceptor molecule to yield PC2. This kind of reaction
mode resembles peptide biosynthesis catalyzed by PCS [24]
and cathepsin C [41]. PCS belongs to the papain superfamily
of cysteine proteases that contain a catalytic triad formed by
the amino acid residues of cysteine, histidine, and aspartic acid
in which the dipeptidyl intermediate of the reaction is bound as
a thioester [42,43]. CPY and CPC belong to the serine carboxy-
peptidases that contain a catalytic triad consisting of serine,
histidine, and aspartic acid [44]. Interestingly, serine carboxy-
peptidase-like enzymes are active acyltransferases involved in
plant secondary metabolism, pointing to an evolution from
hydrolytic towards transacylation activity [40,45]. In Arabid-
opsis, this class of enzymes is well represented and comprises
approximately 50 genes [46].
PCS catalyzes both the transpeptidation of dipeptidyl moie-
ties and the opposite reaction, the cleavage of dipeptidyl
groups from peptides [6,38]. Thermodynamically, hydrolysis
is the favored reaction. Preference of the enzyme for small pep-
tidic educts as dipeptidyl donors and the accumulation of PCs
containing up to 11 dipeptidyl groups point to an eﬃcient
shielding of the acyl-enzyme intermediate from thioester cleav-
ing water molecules [40,42]. Chelation of heavy metal ions by
the sulfhydryl groups of PCs might contribute to PC stabiliza-
tion by limiting the access of the elongated product to degrad-
ing activities such as hydrolysis by PCS. Cd2+ is stronger
bound to PC the longer the PC molecule [4] and a stabilization
of PCs by Cd2+ has been observed during CPY-catalyzed deg-
radation of PC peptides. CPY is able to liberate glycine resi-
dues from PCs in vitro but not from PC-Cd2+ complexes
(unpublished data). Hence, complexation of PC2 with Cd
2+
probably stabilizes the PC molecule and may provide an expla-
nation for the Cd2+-dependence of PC accumulation in yeast.
Cd2+ exposure enhanced GSH levels (Fig. 3C) and possibly
stimulate GSH import into the vacuole thereby increasing
the substrate concentration for the vacuolar carboxypeptid-
ases. The ABC transporters YCF1 and BPT1 are required
for sequestration of GSH and GS-conjugates into the vacuole
[32–34,47], however, they were not found to be necessary for
PC accumulation.
In conclusion, two vacuolar serine carboxypeptidases are
responsible for PC accumulation in yeast and deﬁne a newd2+ treatment
S. pombe
::AtPCS1
lu-Cys/109 cells nmol cGlu-Cys/109 cells
PC GSH PC
2.7 ± 1.5 156 ± 2 4.8 ± 0.5
27.7 ± 4.5a 110 ± 10 137 ± 10a
1686 J. Wu¨nschmann et al. / FEBS Letters 581 (2007) 1681–1687route for PC biosynthesis. Similar carboxypeptidases are ubiq-
uitous in eukaryotes and PC synthesis via such enzymes may
be more widespread.
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